Frictional heat is generated when the clutch starts to engag. As 
INTRODUCTION
Friction clutch is an essential machine element which is used widely in the automotive applications. The friction force is produced when two or more bodies are pressed together and there is relative motion between them. This friction force is responsible to transmit the torque from the driving element to the driven element (e.g. friction clutch). There are different kinds of friction clutches; one of them is designed to be the friction surfaces which are flat and at a 90° with the rotation axis. Multi-disc friction clutches are used to transmit a high torque capacity, but for this kind of clutch the amount of heat transfer is limited, and it is too difficult to cool it. So, it is appropriate for high-load and low-speed applications. For high-speed dynamic loads, it is better to use a few friction surfaces [1] . Figure 1 shows the main components of a typical dry friction clutch system (multiple friction discs). The mechanical designers work in various fields continuing to overcome the challenges to find the solution for the contact problem.
It can be seen that the contact issue in different kinds of machines used in different engineering applications. The forces will be transferred between portions based on contact which happens between them. The contact problem has covered a wide range (length and time) in various mechanical applications, from nano-scale to the macroscopic level and from hyper-velocity impact to quasi-static contact. Generally, machines consist of many parts and joints such as pins and bolts that are utilized to join them together. Therefore, a deep investigation for the effective variables and parameters on the pressure contact distribution is necessary. In order to improve the quality and lifetime of different mechanical parts or systems (e.g. friction clutches and brakes, gears, seals, etc.), the computation of the contact forces accurately is considered essential issue. The mechanical designing process is mainly dependent on the understanding of the contact phenomenon to enhance the lifecycle and decrease the wear rate of contact bodies.
Al-Shabibi and Barber [2] investigated the thermomechanical performance of the sliding systems using an approximation approach (Reduced Order Model) which describes the dominant perturbation or eigenfunctions in one value or more. Their numerical model represented the sliding system with a modest number of nodes to find the temperature field, and the distribution of contact pressure. They proved that the results obtained from their model are accurate for friction brakes or clutches during the first period of engagement, when the sliding speed is greater than the critical sliding speed. In the last period of the engagement when the value of sliding speed is close to the critical value and the eigen-values is developed into clusters. Subsequently, the fine discretization is required to obtain accurate solutions.
Later, Al-Shabibi and Barber [3] studied the transient non-homogeneous thermoelastic issue including the frictional heating. They divided the problem into two parts: the homogenous and the particular systems. The solutions based on the superposition approach for the homogenous and the particular systems are used to find the number of nodes necessary to satisfy all conditions of their case study (initial and boundary conditions). They proved that their numerical model is va- lid for low to average values of the standard working sliding speed of friction clutch. In case when the value of sliding speed is high, the values of contact pressure are negative. These results proved the existence of separation between the contact parts. Furthermore, they investigated the influence of the sliding speed on the behavior of the thermoelastic of clutch. The results of their approach were confirmed compared with the direct finite element simulation.
Shahzamanian et al. [4] investigated the problem of thermoelastic contact phenomenon of the friction brake (functionally graded) which is subjected to the thermal load due to the friction phenomenon between the contact parts using a numerical approach (the finite element method). They supposed that the properties of disk material can be represented with power function that varies in the radial path. The internal surface is considered a metal while the external surface is considered ceramic. The material of the pad element is assumed homogeneous. They calculated the thermal load based on the coulomb friction low. Their results proved that the location of the highest magnitude of the displacement in the radial direction of the brake disk isn't at the external surface. They concluded that the contact status for all regions that located between the pad and the brake disk is full when the value of the thickness ratio (pad thickness /brake disk thickness) is 0.66. Abdullah et al. (2013a Abdullah et al. ( , 2013b Abdullah et al. ( , 2013c Abdullah et al. ( , 2014a . 2014b, 2014c, 2015a and 2015b) investigated the temperature distribution as well as the energy dissipated of a friction clutch working under dry condition during the starting of engagement based on uniform pressure and uniform wear assumptions. They also investigated the influence of contact pressure between surfaces on the distribution of temperature and the energy balance of the friction clutch disc by applying two approaches. These approaches are: the heat partition ratio which is used to calculate the heat flux for each single part particularly whereas the second approach uses the entire amount of heat generated for the whole model utilizing the contact model. Furthermore, they investigated different parameters and factors that affect the behaviour and performance of a friction clutch system such as engagement time, function of sliding velocity, heat generated and disc radius ratio (inner radius/outer radius) during the beginning of engagement.
In this paper, new finite element models are presented to investigate the contact problem of the dry friction clutches that consist of multiple friction discs (the main parts: back plate, clutch discs, separators and piston) when all elements of a friction clutch are pressed together and clutch begins to work. This paper analyzes the influence of friction material thickness of clutch disc on the values and distribution of the contact pressure for each surface of friction discs of a dry friction clutch system.
FINITE ELEMENT ANALYSIS
This section presents the procedure to build a mathematical contact model of the dry friction clutch system (multiple friction discs) using ANSYS software. The first significant step in this procedure is the modeling; because of the symmetry in the geometry (frictional facing without grooves) and the boundary conditions of clutch system (taking into account of the influence of the applied pressure). An axisymmetric model based on the finite element method was developed to represent the elastic issue that occurs in a friction clutch system. Figure 2 exhibits the complete elastic model of clutch system (multiple friction discs) with constraints and load conditions. There are three basic types of contact assumed in different applications of mechanical field. These types of contact are: single contact, node-to-surface contact, and surface-to-surface contact. The most frequent type of contact assumed in contact analysis is surface-tosurface; it can be employed for bodies which may have arbitrary figures with considerable contact surfaces. This kind of contact is quite efficient for bodies that have high magnitudes of relative motion, for example a block slipping over a plane or sphere slipping inside a groove [Contact Technology Guide (2010)]. The type of contact which is assumed in this analysis is surface-tosurface. Five algorithms being used for the proposed type of contact in this paper (surface-to-surface contact), (a) Penalty method: based on this algorithm the correlation between two surfaces in contact can be found using a constant factor (spring), as illustrated in Figure 3 . The force of contact (pressure) that occurs between two contacting bodies is [Contact Technology Guide (2010)]:
where F n is the contact force, k n is the contact stiffness, and x p is the space between two existing nodes or separate contact bodies (penetration or gap). The principle of this kind of algorithm is based on the method of iterative penalty. The final value of penetration is less than the permitted value of tolerance and the constant traction (stresses due to friction and contact pressure) is augmented during the iterations to reach the equilibrium status. In general this method is less affected by the value of constant stiffness and it leads to improving the conditioning. The contact force form (contact pressure) that occurs between two contacting bodies is,
where λ L is the component of Lagrange multiplier.
(c) Lagrange multiplier on contact normal and penalty on a tangent: This type of algorithm applies Lagrange multiplier method in the normal contact condition and the penalty method (tangential contact stiffness) in the frictional plane condition. This algorithm permits for the sliding that occurs in the sticking contact condition, while it does not allow the occurrence of any penetration (zero penetration). The parameters needed to obtain the accurate results are the maximum permissible value of elastic slide and chattering control. (d) Pure Lagrange multiplier on contact normal and tangent: This type of algorithm obliges the penetration to be zero in condition of full contact and slipping to be zero in the case of sticking contact. The advantage of using this algorithm is neglect the effect of contact stiffness in calculations, but it needs parameters of chattering control. The disadvantage of using this algorithm is that it requires further iterations to reach the stability condition of contact. Therefore, the computa-tion time needed to solve a contact problem using this method is higher than computation time needed when using augmented Lagrangian method to solve the same problem.
(e) Internal multipoint constraint: This algorithm assumes no separation contact to build the contact model. It is used to simulate different types of bonded contact models (e.g. kinematics constraints and contact assemblies). The magnitude of penetration is specified based on the correlation between the contact and target surfaces for contact case study. Lower values of penetration will appear in the contact problem when the contact stiffness values are high; in this case the solution will face difficulties in the convergence phase and illconditioning of the stiffness matrix. On the other hand, a certain value of penetration will appear in the contact problem when the contact stiffness values are low; in this case the difficulties in the convergence phase will reduce to obtain the results. The contact stiffness of an element of area A e is computed applying the following formula [Mohr (1980) ]
where N i and e are the shape function and the stiffness of the elastic restraining (function of material properties). In Ansys software, in the case of bulk deformation, the suitable value of the contact stiffness factor (FKN) is equal to 1. A small magnitude of a contact stiffness factor (FKN = 0.1) is recommended in the case when bending deformation is the major part of the solution [Contact Technology Guide (2010)]. In this analysis, the algorithm which is used to compute the distribution of the contact pressure on the surfaces of friction discs is Augmented Lagrange. In all accomplished computations in this paper, materials properties are supposed to be isotropic and homogeneous. Table 1 records the materials properties, dimensions and operational parameters. The axisymmetric model based on the finite element method of a friction clutch system (multiple friction discs) is shown in Figure 4 . 
RESULTS AND DISCUSSIONS
The effect of the frictional facing thickness on the magnitude and distribution of contact pressure that occurs on the surfaces of friction discs of a friction clutch system has been investigated. Four different thicknesses (0.25 to 1mm) were chosen in this analysis. Figures 5-8 display the variation of the normalized contact pressure with disc radius at selected frictional surfaces (f.s = 1, 5, 7 and 10). Figure 9 shows the maximum values of the contact pressure for selected friction surfaces using different friction facing thicknesses.
The most important point observed from the results is that the reduction in the frictional facing thickness causes increasing in the contact pressure values (i.e. using thin frictional facing causes increase in contact pressure and deformation values, and vice versa). In the case when a friction disc is thick (thick fractional facing), low values of the contact pressure on the contact surfaces are generated. This situation occurs due to the increasing in the structural stiffness. Also, it can be observed that the distribution of contact pressure is smoother when using thick frictional facing. The percentage increase in the normalized contact pressure is found to be 3.1 % of the 10th friction surface when the thickness changes from 0.25mm to 1mm.
The results showed that the highest values of contact pressure are located near the internal radius (r i ) and the lowest contact pressure values are located at external disc (r o ) for all surfaces of friction discs.
The influence of friction facing thickness is increased in the presence of thermal deformation during the slipping period. Therefore, the thin frictional facing will have more difficulty to follow the thermal distortion induced by the frictional heating and leads to the non-uniformities in the distribution of the contact pressure and surface temperature more quickly. 
CONCLUSIONS AND REMARKS
In this paper, a numerical method (finite element method) is used to investigate the problem of contact that appears between the contacting discs of a multi-disc friction clutch. Axisymmetric models are developed to represent the elastic problem of a friction clutch system.
Thickness of the friction materials of a clutch disc is considered an essential parameter which affects the magnitude and the distribution of the contact pressure on the contacting surfaces. This effect is more significant when the friction clutch starts to engage (slipping period) due to the frictional heat generated between the contacting surfaces.
There are other important factors that may lead to the failure of the friction clutch such as cracks that exists in contact surfaces and lasting deformations. These dissadvantages cause change in the distribution of contact pressure and subsequently the actual contact area change too.
The contact pressure focuses on a small zone of the nominal contact area as a result of the thermal deformations. Also, the defected or improperly machined back plate (such as large deformation, thermal cracks, etc.) causes many problems. One of these problems is concentration of contact pressure on small regions of the nominal frictional interface (e.g. bands and/or spots). Owing to this problem, it is essential when fitting a new friction clutch (in the case when the clutch surfaces are damaged or surface worn) to a vehicle to guarantee that the back plate is in proper condition, in order to avoid any possible premature damage to occur in the system of friction clutch.
